RhoH is a small GTPase expressed only in the hematopoietic system. With the use of mice with targeted disruption of the RhoH gene, we demonstrated that RhoH is crucial for thymocyte maturation during DN3 to DN4 transition and during positive selection. Furthermore, the differentiation and expansion of DN3 and DN4 thymocytes in vitro were severely impaired. These defects corresponded to defective TCR signaling. Although RhoH is not required for TCR-induced activation of ZAP70 and ZAP70-mediated activation of p38, it is crucial for the tyrosine phosphorylation of LAT, PLC␥1, and Vav1 and for the activation of Erk and calcium influx. These data suggest that RhoH is important for pre-TCR and TCR signaling because it allows the efficient interaction of ZAP70 with the LAT signalosome, thus regulating thymocyte development.
Introduction
RhoH is a member of the Rho GTPase family, expressed only in the hematopoietic system. Rho GTPases are small GTPases that regulate cytoskeletal organization, proliferation, survival, and cell polarization. 1 They are present in an active, GTP-bound form and an inactive, GDP-bound form. Only in the GTP-bound conformation can they interact with a wide range of effector molecules, including serinethreonine kinases, lipid kinases, and cytoskeletal proteins.
RhoH was shown to be expressed in hematopoietic progenitor cells (HPCs), lymphocytes, and neutrophils. 2, 3 Because RhoH has no functional intrinsic GTPase activity, it is thought to be constitutively active and controlled only at the transcriptional level. Indeed, RhoH expression is regulated in lymphocytes. 2 In T cells, activation of the T-cell receptor reduced the RhoH message within a few hours, whereas PMA treatment decreased RhoH mRNA levels in Jurkat cells within 60 minutes. 2 In diffuse large B-cell lymphoma, RhoH is frequently mutated in the noncoding region, which might affect mRNA stability or translation efficiency. 4, 5 Functionally, RhoH was proposed to be a negative regulator of Rho GTPases and integrins. RhoH inhibits Rac1-mediated activation of p38 MAPK and NFB in Jurkat cells but has no effect on JNK or Erk or on the activation of Rac1 in these cells. 2 In hematopoietic stem cell (HSC)/HPC preparations, RhoH negatively regulates the proliferation, survival, and migration and reduces the SCF-induced activation of Rac1. 3 Finally, RhoH expression maintains lymphocytes in a nonadhesive state by decreasing integrin-mediated attachment. 6 These observations suggested an important role of RhoH in the maintenance of HSCs, in leukocyte migration, and possibly in the development of B-cell lymphoma. To test these hypotheses in vivo, we generated mice that lacked a functional RhoH gene and analyzed the development of different hematopoietic lineages. RhoH-null mice did antibodies were used: anti-B220 (RA3-6B2), anti-IgM (R6-60.2), anti-IgD (11-26c.2a), anti-Gr-1 (RB6-8C5), anti-Mac1 (M1-70), anti-Ter119, anti-NK1.1 (PK136), anti-CD4 (H129.19) (GK1.5; eBioscience, San Diego, CA), anti-CD8 (53-6.7), anti-CD5 (53-7.3), anti-TCR␤ (H57-597), anti-CD69 (H1.2F3), anti-V␣2 (B20.1), anti-TCR␥␦ (GL3), and anti-CD62L (MEL-14; eBioscience). For the characterization of double-negative (DN; Lin Ϫ CD4 Ϫ CD8 Ϫ ) thymocytes, cells were gated for lineage-negative (Lin Ϫ ) (B220, CD4, CD8, NK1.1, Mac1, Gr-1, Ter119) cells and analyzed for the expression of CD25 (7D4) and CD44 (IM7).
For proliferation assays, mice were given intraperitoneal injections of 1 mg BrdU and were killed 2 hours later. BrdU incorporation of thymocytes was determined using the BrdU Flow kit. AnnexinV staining was carried out in binding buffer (10 mM Hepes, pH 7.4, 140 mM NaCl, 2.5 mM CaCl 2 ) using Annexin V-Alexa 488 (kindly provided by Dr E. Pö schl, Erlangen, Germany).
T-cell development in vitro
In vitro T-cell development on OP9-DL1 stromal cells was carried out as described previously. 10 OP9-DL1 cells were maintained in ␣-MEM medium (Invitrogen, Carlsbad, CA) containing 20% FCS and penicillin/ streptomycin. Control and RhoH Ϫ/Ϫ DN thymocytes enriched through MACS (Miltenyi Biotec, Bergisch Gladbach, Germany) were sorted for DN3 and DN4 populations with FACSAria. DN3 (5 ϫ 10 4 ) and DN4 (2.5 ϫ 10 4 ) thymocytes were plated onto a subconfluent OP9-DL1 monolayer in a 24-well plate and cultured in the presence of 5 ng/mL Flt3 ligand (Peprotech, Rocky Hill, NU) and 1 ng/mL IL-7 (Peprotech) for 8 days. The medium with cytokines was replaced after 4 days. Developmental progression of cultured cells was assessed by flow cytometry after 4 and 8 days. Cells were harvested by forceful pipetting and filtered through a 70-M cell strainer to remove OP9-DL1 cells.
TCR signaling
Freshly isolated thymocytes (0.5 ϫ 10 7 to 1 ϫ 10 7 ) were incubated with 5 g/mL biotinylated anti-CD3⑀ (145-2C11) and anti-CD4 or anti-CD3⑀ alone for 20 minutes on ice and washed. Cross-linking of the bound antibodies was carried out with the addition of prewarmed streptavidin (5-10 g/mL; Sigma, St Louis, MO) and incubation of the samples for 5 minutes at 37°C. After stimulation, 5 ϫ 10 6 cells were directly fixed in an equal volume of 4% paraformaldehyde in PBS for 10 minutes at 37°C, washed with PBS, and permeabilized in ice-cold 90% methanol for 30 minutes on ice. Cells were then washed twice in PBS, incubated with fluorescence-labeled anti-CD4, anti-CD8, and anti-phospho-ZAP70 (Y319)/ Syk (Y352), anti-phospho-Lck (Y505), anti-phospho-Erk1/2 (T202/ Y204), or anti-phospho-p38 MAPK (T180/Y182) for 1 hour at room temperature, and analyzed by FACS. Double-positive (DP) thymocytes (0.5 ϫ 10 7 to 1 ϫ 10 7 ) sorted by FACSVantage were stimulated as described, washed with cold PBS, and lysed in 100 L 50 mM Tris pH 7.4, 100 mM NaCl, 1% Nonidet P-40, 10% glycerol, 2 mM MgCl 2 , 1 mM Na 3 VO 4 , and 100 mM NaF containing a protease inhibitor cocktail (Complete Mini, EDTA free; Roche, Basel, Switzerland) for 20 minutes on ice. Lysates were cleared by centrifugation at 20 800 g for 15 minutes at 4°C and immunoprecipitated with anti-LAT (Upstate Biotechnology, Lake Placid, NY) or anti-Vav1 (C-14; Santa Cruz Biotechnology, Santa Cruz, CA) antibodies bound to protein A agarose (Sigma-Aldrich, St Louis, MO). Phosphorylation of the immunoprecipitated proteins was detected by Western blotting using anti-phosphotyrosine PY-7E1 (Zymed, San Francisco, CA) antibody. Total levels of the immunoprecipitated proteins were determined by reprobing the blots with anti-LAT (11B.12; Upstate Biotechnology) or anti-Vav1 (D-7; Santa Cruz Biotechnology) antibodies. Aliquots (20 L) of cell lysates were analyzed by Western blotting using the following antibodies: anti-phospho-ZAP70(T319) (Cell Signaling, Beverly, MA), anti-ZAP70 (99F2; Cell Signaling), anti-phosphoVav2(T172) (Santa Cruz Biotechnology), anti-Vav2 (H-200; Santa Cruz), anti-phospho-LAT(T191; Cell Signaling), anti-LAT (11B.12; Upstate Biotechnology), anti-phospho-PLC␥1(T783) (Cell Signaling), anti-PLC␥1 (Cell Signaling), anti-phospho-p44/p42 MAPK (T202/Y204) (New England BioLabs, Ipswich, MA), anti-p44/p42 MAPK (New England BioLabs). Pull-downs for active Rac1 and Rac2 were performed as previously described 11 with 0.5 ϫ 10 7 to 1 ϫ 10 7 DP sorted thymocytes stimulated as indicated by cross-linking of biotinylated CD3 and CD4 antibodies with streptavidin for 30 seconds or 1 minute and 5 minutes at 37°C. Total lysates and precipitates were analyzed by Western blotting with the use of antibodies against Rac1 (Transduction Laboratories, Lexington, KY) and Rac2 (Upstate Biotechnology).
For the detection of phosphorylated Vav2 and active Rac2, DP thymocytes were sorted by positive selection using anti-CD8-FITC and MACS anti-FITC microbeads (Miltenyi). The purity of obtained DP thymocytes was 93% to 97%, as determined by flow cytometry.
For measurement of calcium influx, 2 ϫ 10 6 thymocytes were loaded with 2.5 M Fluo-4 (Molecular Probes, Eugene, OR) for 25 minutes at 37°C and washed twice with RPMI 1640, 25 mM Hepes, without phenol red (Gibco, Grand Island, NY). Cells were stained on ice with 5 g/mL anti-CD8␣-APC (53-6.7; eBioscience), anti-CD4-PE-Cy5.5 (RM4-5; Caltag, Burlingame, CA), and biotinylated anti-CD3⑀. Cells were warmed to 37°C and analyzed for 20 seconds to establish baseline calcium levels. Then CD3⑀ was cross-linked by the addition of 10 g/mL streptavidin. Flow cytometric analysis was performed with FACSCalibur using FlowJo software (TreeStar, Ashland, OR).
Adhesion assays
Adhesion assays to ICAM-1, VCAM-1, and the endothelioma cell lines bEnd5 and bEndI1.1 12 (kindly provided by Dr Britta Engelhardt, University of Bern, Switzerland) were carried out as described previously 12, 13 ; 2 ϫ 10 4 endothelioma cells were used per well.
Statistical analysis
All mean values are shown with standard deviation. Student t test was performed to assess the significance of observed differences.
Results

Generation of RhoH-deficient mice
To generate mice with targeted disruption of the RhoH gene, we replaced the genomic sequence encoding the translation start and the switch1 region, which is crucial for the interaction with GEFs or GAPs 14 effectors, by a neomycin expression cassette using homologous recombination ( Figure S1A , available on the Blood website; see the Supplemental Materials link at the top of the online article). Mutation of the RhoH gene was confirmed by Southern blot analysis and genomic PCR ( Figure S1B-D) . Northern blot analysis indicated the expression of a long transcript in RhoH mutant mice that contained the sequence of the inverted neomycin resistance gene, with at least 6 Kozak box ATGs followed by an in-frame stop codon and the truncated RhoH coding region ( Figure  S1E ). These open-reading frames should prevent any expression of a truncated RhoH molecule. RhoH mRNA levels in heterozygous mutant mice were approximately 50% those of homozygous wild-type mice.
Because of the lack of functional antibodies, confirmation of the loss of RhoH on protein level was not possible. Homozygous mutant mice were born at Mendelian ratio (ϩ/ϩ, 23.2%; ϩ/Ϫ, 50.8%; Ϫ/Ϫ, 26.0%; n ϭ 214), indicating no embryonic lethality. RhoH-null mice were fertile and were of normal weight and life span.
Hematopoiesis
RhoH is expressed in HPCs, lymphoid cells, and myeloid cells. 2, 3 We analyzed the development of different blood lineages in mutant and control mice. In 2-month-old mice, BM cellularity was not significantly different between RhoH-null and control mice, but splenocyte counts were lower in RhoH-deficient mice ( Figure S2 ). Lymph node cellularity varied but tended to be lower in mutant mice ( Figure S2 ). Population sizes of granulocytes (Mac1 ϩ Gr-1 ϩ ), monocytes (Mac1 ϩ Gr-1 Ϫ ), erythroblasts (Ter119 ϩ ), and different stages of B cells (proB
in BM were similar in mutant and control mice ( Table 1 ), indicating that RhoH is not essential for the differentiation of myeloid, erythroid, or B cells. Splenic granulocyte counts were unperturbed, whereas splenic monocyte counts were slightly increased in RhoH-deficient mice. B-cell counts (IgD ϩ ) in spleen and lymph nodes were similar in mutant and control mice (Table 1 ). In contrast, T-cell counts were strongly decreased in BM, spleen, and lymph nodes. CD8 ϩ T-cell counts were reduced by approximately 75%, and CD4 ϩ T-cell counts were reduced by 50% (Table 1) . Heterozygous mice showed a normal phenotype and were included in the control group. These data suggest a defect in the production, survival, or migration of T cells in the absence of RhoH.
NK1.1 ϩ cell counts, including those of NK and NKT cells, were elevated in BM and spleen (Table 1) . Six-month-old mutant mice still had normal numbers of myeloid, erythroid, and B cells in the BM, indicating that RhoH is not crucial for the maintenance of HSCs (Table S1 ). Splenic granulocyte, monocyte, and B-cell populations were similar in 6-month-old control and RhoHdeficient mice, whereas the number of splenic Ter119 ϩ erythroblasts was greater in mutant mice. CD4 ϩ and CD8 ϩ T cells were reduced in BM, spleen, and lymph nodes. In contrast to counts in 2-month-old mutant mice, NK1.1 ϩ cell counts were not significantly changed in BM and spleen (Table S1 ).
Defective T-cell development in vivo
To test whether the production of T cells is impaired in the absence of RhoH, we analyzed thymocytes of 2-month-old mice. Thymus cellularity of RhoH-null mice was approximately 60% lower than in control animals ( Figure S2 ). In mutant mice, the absolute number of DN (CD4 Ϫ CD8 Ϫ ) thymocytes was increased more than twofold, whereas the number of DP (CD4 ϩ CD8 ϩ ) thymocytes was reduced by 60%, indicating an incomplete developmental block between the DN and the DP stages ( Figure 1A , lower panel). Absolute amounts of CD4SP and CD8SP thymocytes were reduced by 80% and 85%, respectively, in RhoH-deficient mice, implying an additional defect during the development from DP to SP cells, where positive selection takes place ( Figure 1A ).
To define the block during DN to DP development in more detail, the population of DN cells was further divided into DN1 (CD25 Ϫ CD44 ϩ ), DN2 (CD25 ϩ CD44 ϩ ), DN3 (CD25 ϩ CD44 Ϫ ), and DN4 (CD25 Ϫ CD44 Ϫ ) cells. The number of DN1 cells was not significantly different between control and mutant mice, suggesting normal migration of T-cell precursors from the BM to the thymus ( Figure 1B ). The very small population of DN2 cells was slightly, but not significantly, increased in the absence of RhoH. The total number of DN3 cells, however, was elevated nearly 3-fold in the absence of RhoH. DN4 cell counts were not significantly different between control and mutant mice, whereas DP cell counts were reduced in the absence of RhoH. In addition, 6-month-old mutant mice showed a decrease in CD4SP and CD8SP cells and an increase in DN3 thymocytes ( Figure  S3A -B). These differences, however, were less pronounced than in 2-month-old mice. DP cell numbers were only slightly decreased in mutant mice ( Figure 3A-B) . This T-cell phenotype was indistinguishable in 129Sv/C57BL6 outbred and backcrossed C57BL6 mice (data not shown). Total amounts of thymocytes with TCR␥␦ were normal in the absence of RhoH ( Figure S4A ), but the very small population of DN3 cells expressing TCR␥␦ was increased ( Figure S4B ). These data indicate that RhoH is only required for the development of T cells carrying ␣␤ TCR. ␥␦ T-cell counts were slightly increased in spleen and significantly increased in lymph nodes ( Figure S4A) .
Heterozygous mice showed a normal T-cell phenotype and were included in the control group. Quantitative RT-PCR revealed that RhoH is expressed at all stages of thymocyte development, with relative peaks at the DN3 and DP stages ( Figure S5 ). These data indicate defects in the DN3 to DN4 transition and in the differentiation of DN4 to DP cells in RhoH-deficient mice.
Aberrant thymocyte proliferation and survival
To characterize whether impaired thymocyte development was caused by defective proliferation or increased apoptosis, we assessed cell proliferation by measuring the incorporation of BrdU and apoptosis by determining the percentage of AnnexinV binding to thymocyte subpopulations.
The percentage of BrdU-incorporating, proliferating DN1 and DN2 thymocytes was not significantly different between control and mutant mice (Figure 2A ). However, DN3 and DN4 cells showed significantly decreased proliferation in the absence of RhoH (Figure 2A ). Proliferation of DP cells was unchanged, whereas CD4SP and CD8SP cells showed increased proliferation (Figure 2A ).
In DN1, DN2, and DN3 cells, apoptosis was not significantly different between RhoH-null and control mice ( Figure 2B ). In contrast, RhoH-deficient DN4 cells displayed increased apoptosis ( Figure 2B ). In addition, DP, CD4SP, and CD8SP thymocytes showed a higher percentage of AnnexinV ϩ apoptotic cells, possibly indicating that fewer cells were positively selected ( Figure 2B ).
Defective TCR signaling suggested by altered expression of maturation markers
During thymocyte development, the expression of CD5, TCR␤, and CD69 is tightly regulated by pre-TCR and TCR signaling. At the DN stage, pre-TCR signaling induces the expression of CD5. 15 On DP cells, CD5 expression is maintained because of low-affinity TCR-major histocompatibility complex interactions. Finally, CD5 is up-regulated during DP to SP transition in response to TCR signaling by positive-or negative-selecting ligands.
In all thymocyte populations tested (DN, DP, CD4SP, CD8SP, and ␥␦ T cells), the percentage of cells with low CD5 expression was significantly increased in RhoH-deficient mice ( Figures 2C,  S4C ). In addition, RhoH-null DP cells expressed significantly lower levels of CD5 than control cells. In spleen, the percentage of CD5 low T cells was increased in the absence of RhoH ( Figure S6A ). Among the CD4 ϩ splenocytes, the amount of CD5 low cells increased from 1.5% to 24.6%, and among CD8 ϩ cells it increased from 3.7% to 18.5%. These data suggest defects in pre-TCR and TCR signaling.
The expression of TCR␤ and CD69 becomes up-regulated during positive selection in response to TCR signaling. 16, 17 In RhoH-null mice, the number of more mature, TCR␤ high , and CD69 high thymocytes was significantly decreased among DP, CD4SP, and CD8SP cells, suggesting impaired positive selection and decreased TCR signaling ( Figure 2D-E) . No difference was found in the number of CD69 high CD4 ϩ and CD8 ϩ cells in the spleen ( Figure S6B ). Interestingly, peripheral RhoH-null T cells in the spleen and lymph nodes showed a significantly increased amount of cells with cell surface characteristics of activated effector (CD62L low CD44 high ) T cells, and more CD8 ϩ T cells demonstrated the memory (CD62L high CD44 high ) phenotype ( Figure S7A-B) .
Defective thymocyte development in vitro
To directly assess the differentiation potential of DN3 and DN4 thymocytes in the absence of RhoH, thymocyte populations were sorted and differentiated in vitro on OP9-DL1 cells. RhoHdeficient DN3 cells showed significantly less ability than controls to differentiate into DN4 and DP cells after 4 days and 8 days in culture ( Figures 3A, S8A ). In addition, the total cell number was severely lower in the absence of RhoH, indicating an impaired expansion potential (Figures 3A, S8A ). In addition, RhoH-null DN4 cells showed a strongly reduced ability to develop into DP cells compared with controls and did not expand as well as the controls (Figures 3B, S8B) . 
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These data demonstrate that in the absence of RhoH, the differentiation and expansion potential of DN3 and DN4 are decreased, confirming the in vivo data. Furthermore, they prove that this is a cell-autonomous defect of RhoH-null thymocytes.
Defect in positive selection
To test the positive selection of thymocytes into the CD4 lineage, we intercrossed RhoH-deficient mice backcrossed to C57BL6 with OT-II transgenic mice, which express an ovalbumin-specific TCR restricted to MHC class I-A b as present in the RhoH-null mice. FACS analysis for the transgenic TCR␣ chain V␣2 indicated that nearly all DP and CD4SP thymocytes expressed the ovalbuminspecific TCR in control and mutant mice, though within the RhoH-deficient CD4SP cells a population expressing lower V␣2 levels could be detected ( Figure 4C ). Among the DN cells, which up-regulate V␣2 expression during ␤-selection, RhoH-null mice showed a reduced amount of Va2 ϩ cells compared with controls ( Figure 4C) .
Expression of ovalbumin TCR in control mice led to a reduced DP thymocyte count and an increased CD4SP cell count ( Figures  1A, 4A) . Furthermore, the percentage of DN3 cells was decreased, and the DN4 population was increased ( Figures 1B, 4B) . In contrast, RhoH deficiency severely impaired the generation of CD4SP cells in mice expressing the ovalbumin TCR ( Figures 1A,  4A) . No increase in DN4 population was observed (Figures 1B,  4B ). In addition, in the presence of the ovalbumin TCR, the percentage of CD5 low cells was higher in RhoH-null mice than in controls ( Figure 4D) , and the relative amount of CD69 high cells was lower ( Figure 4E ).
These data indicate an impaired positive selection of DP cells into the CD4 lineage in the absence of RhoH and conceivably a defective ␤-selection, which controls the DN3 to DN4 transition.
Defect in TCR signaling
In the absence of RhoH, the defects observed in thymocyte development and positive selection were consistent with impaired TCR signaling. To test this possibility directly, we analyzed TCR signaling in vitro. We induced TCR signaling in FACS-enriched preparations of DP cells by cross-linking biotinylated antibodies against CD3 or CD3 and CD4 with streptavidin and investigated the activation of different steps of the TCR signaling cascade. In addition, we measured the phosphorylation of different signaling molecules by intracellular FACS staining of stimulated thymocyte preparations.
TCR cross-linking triggers the activation of the tyrosine kinases lck and ZAP70. ZAP70-mediated phosphorylation of the scaffold protein LAT and associated molecules such as SLP-76 and PLC␥1, which together form the LAT signalosome, is then crucial to initiate downstream events such as calcium influx or Erk activation.
In the absence of RhoH, TCR-induced autophosphorylation of ZAP70 in DP cells was not altered (Figures 5A, S9A) . Also, in CD4SP cells, TCR-dependent activation of ZAP70 did not require RhoH ( Figure 6A) . Furthermore, the phosphorylation of lck at Y505 was not altered in the absence of RhoH in DP and CD4SP cells ( Figure 6B ). Lck is negatively regulated by the phosphorylation of Y505, though this inhibition is overruled by the activating autophosphorylation of Y394. 18 These data indicate that early events in TCR signaling are not strongly affected by the loss of RhoH. In CD4 ϩ T cells, ZAP70 activates p38 MAPK independently of LAT. 19 In RhoH-null CD4SP thymocytes, p38 was weakly, but significantly, activated as in controls ( Figure  6D ), suggesting that this downstream pathway of ZAP70 is normally intact in the absence of RhoH.
However, ZAP70-mediated total tyrosine phosphorylation of LAT and tyrosine phosphorylation of LAT at Y195, which is important for the interaction of LAT with Gads and SLP-76 and which indirectly supports the interaction of LAT with PLC␥1, 20, 21 were reduced in RhoH-null DP cells ( Figures 5B-C, S9B-C) . Phosphorylation of PLC␥1 at Y783, which is important for the activation of PLC␥1, 22 was reduced in DP cells of RhoH-null mice ( Figures 5D, S9D ). In addition, the TCR-dependent phosphorylation of Vav1, which is required for the GEF activity of Vav1, 23 was decreased in DP thymocytes in the absence of RhoH (Figures 5E,  S9E) . Interestingly, the phosphorylation of Vav2 after TCR ligation was similar in RhoH-null and control mice (Figures 5F, S9F) .
Despite the decreased TCR-induced activation of Vav1, Rac1 and Rac2 activity after TCR activation were normal in RhoHdeficient DP cells ( Figures 5G-H, S9G-H ). However, the basal level of Rac1 activity appeared to be higher in RhoH-null DP cells than in controls, suggesting compensatory up-regulation of Rac1 activity in the absence of RhoH or inhibition of basal Rac1 activity by RhoH (Figures 5G, S9G ). Basal levels of active Rac2 were not significantly different between RhoH-null and control mice (Figures 5H, S9H) .
We then tested TCR-dependent activation of Erk and calcium influx, each of which requires PLC␥1 activation. In the absence of RhoH, TCR-induced Erk phosphorylation was severely reduced in DP, CD4SP, and CD8SP cells ( Figures 5I, 6C, S9I ). To assess TCR-induced calcium influx, thymocytes and splenocytes were loaded with the calcium-sensitive dye Fluo-4 and were incubated with biotinylated antibodies against CD3. After the induction of TCR signaling with streptavidin, the level of intracellular calcium was determined by FACS. Costaining for CD4 and CD8 allowed us to distinguish DN, DP, CD4SP, and CD8SP cells. No strong calcium influx was detected in DN control and mutant cells ( Figure  6E ). In DP, CD4SP, and CD8SP cells, however, RhoH-deficient cells exhibited a significantly decreased percentage of cells responding to stimulation and a decreased mean fluorescence of all cells, indicating a partially impaired TCR-dependent calcium influx ( Figure 6E ). In addition, RhoH-deficient CD4 ϩ and CD8 ϩ splenocytes showed a reduced stimulation of calcium influx after CD3 cross-linking, suggesting that RhoH is also important for TCR signaling in peripheral T cells ( Figure 6F ).
These data show that RhoH is required for TCR signaling downstream of ZAP70 in a cell-autonomous manner in thymocytes and in mature T cells.
RhoH is not crucial for the regulation of ␤2 integrin-mediated adhesion on thymocytes
Previously, it was suggested that RhoH is required to maintain integrin LFA-1 (␣L␤2) in a nonadhesive state on lymphocytes. 6 To test whether this function could contribute to the defect observed in For personal use only. on June 6, 2017. by guest www.bloodjournal.org From thymocyte development, we measured the adhesion of RhoH-null thymocytes to the immobilized LFA-1 ligand ICAM-1. Manganese (Mn 2ϩ ; 2 mM) or PMA (100 ng/mL) activated RhoH-null thymocytes bound to ICAM-1 with an efficiency equal to that of control cells ( Figure 7A ). At lower concentrations of Mn 2ϩ (1 mM) or PMA (20 ng/mL), the combination of Mn 2ϩ and PMA or, in the presence of Mg 2ϩ , the binding to ICAM-1 was similar in RhoHnull and control thymocytes ( Figure S10 ). This demonstrated that LFA-1-mediated adhesion of thymocytes is normally regulatable in the absence of RhoH, at least under the conditions tested. Adhesion to the ␣4␤1 integrin substrate VCAM-1, carried out as an additional control, was indistinguishable between control and mutant thymocytes, even when stimulated with Mg 2ϩ , Mn 2ϩ , or PMA ( Figures 7A, S10) .
In a more physiological setting, we investigated the adhesion of T-cell blasts to the endothelial cell line bEnd5, which up-regulates the expression of ICAM-1 and VCAM-1 on treatment with TNF. Both RhoH-null and control T cells showed TNF-stimulated binding to these endothelial cells, which was partially inhibited by antibodies against LFA-1 and ␣4-integrin, respectively ( Figure  7B ). TNF-induced binding to the ICAM-1-deficient cell line bEndI1.1 was low for control and RhoH-null T cells and was completely inhibited by antibodies against ␣4-integrin but was insensitive to LFA-1 antibody inhibition ( Figure 7B ).
To investigate, by an alternative approach, whether RhoHdependent modulation of ␤2-integrin function was involved in the defective thymocyte development in RhoH-null mice, we crossed RhoH-deficient mice with mice lacking ␤2-integrin and analyzed T-cell development in the absence of both RhoH and ␤2-integrin. If loss of RhoH indeed constitutively up-regulated ␣L␤2 activity and this contributed to the thymocyte phenotype, ablation of the ␤2-integrin gene would logically have rescued the defect. However, we found that population sizes of DN, DP, CD4SP, and CD8SP thymocytes were identical in RhoH-null and RhoH-␤2-integrin double-knockout mice ( Figure 7C) . Furthermore, the increase of CD5 low cells in different RhoH-null thymocyte populations was unaffected by the additional loss of ␤2-integrin ( Figure  7D ). These data indicate that the impaired thymocyte development of the RhoH-null mice is independent of ␤2-integrin function.
Discussion
Previous work has shown that RhoH is a negative regulator of Rac1-dependent signaling, HPC proliferation and survival, and LFA-1-mediated adhesion. 2, 3, 6 We demonstrated that during thymocyte development, RhoH is a positive regulator of thymocyte differentiation and TCR signaling and that it is crucial for ␤-selection and positive selection. Furthermore, we report that RhoH also contributes to the TCR signaling of mature T cells.
In the absence of RhoH, thymocyte development was partially blocked at the DN3 to DN4 transition. ␤-Selection takes place at this transition, which ensures that only thymocytes that have generated a functional TCR␤ chain can differentiate to DP cells. A second partial block occurred at the transition from DP to CD4SP and CD8SP cells, where positive selection allows only MHCrestricted, self-tolerant thymocytes to develop further. In line with defects in ␤-selection and positive selection, the proliferation of RhoH-null DN3 and DN4 cells was decreased, whereas apoptosis of DN4, DP, CD4SP, and CD8SP cells was significantly increased. Furthermore, RhoH-null DN3 and DN4 cells showed a clearly reduced ability to differentiate and expand in vitro. Previously, it was documented that decreased RhoH expression increased the proliferation and survival of HPCs. 3, 24 Our data suggest that RhoH regulates proliferation and cell survival independently and in a cell type-and differentiation stage-specific manner.
While ␤-selection is dependent on pre-TCR signaling, positive selection is thought to require weak TCR signaling. 25 CD5 expression correlates with pre-TCR and TCR signaling strength. 15 Reduced expression of CD5 on DP cells and an increased number of CD5 low cells among DN, CD4SP, and CD8SP thymocytes of RhoH-null mice suggests defective pre-TCR signaling in DN and impaired TCR signaling in DP, CD4SP, and CD8SP cells. Furthermore, reduced numbers of TCR␤ high and CD69 high cells among DP, CD4SP, and CD8SP thymocytes indicated defective positive selection. Analysis of RhoH-null mice expressing an ovalbuminspecific, MHC class II-restricted TCR confirmed that RhoH is important for positive selection because no significant increase in positively selected CD4SP thymocytes was observed, in contrast to controls. Among DN cells, RhoH-null/OT-II mice did not display the obvious reduction of DN3 or the increase of DN4 thymocytes observed in controls, suggesting impaired ␤-selection. Interestingly, an increased proportion of peripheral T cells displayed surface characteristics of activated and memory cells in the absence of RhoH. We will test in the future whether this activation might be attributed to an increased amount of autoreactive T cells escaping negative selection that are activated in the periphery by high amounts of self-antigen. Such a phenotype has been observed in mice with a mutation in the ZAP70 gene; these mice also have partially impaired TCR signaling. 26 Our data indicated that RhoH is important for pre-TCR and TCR signaling by facilitating the phosphorylation of the LAT signalosome by ZAP70. TCR activation by cross-linking of CD3 leads to activation of the lck tyrosine kinase, which phosphorylates the CD3 complex. Docking of ZAP70 to the phosphorylated ITAMs of the TCR and phosphorylation by lck stimulates its tyrosine kinase activity and results in ZAP70-dependent phosphorylation of the membrane-anchored LAT protein and of LATassociated molecules, forming together the "LAT signalosome." Normal autophosphorylation of ZAP70 at Y319 in RhoH-null thymocytes after cross-linking of CD3 suggests that TCR signaling is not impaired at the level of ZAP70 activation. This notion is strengthened by the normal TCR-dependent activation of p38 in CD4SP cells because in T cells this activation is mediated by ZAP70 independently of LAT. 19 However, the phosphorylation of LAT and the LAT-associated proteins PLC␥1 and Vav1 and the activation of Erk and calcium influx, which are downstream of PLC␥1, were dramatically reduced in RhoH-deficient thymocytes. RhoH, therefore, seems to specifically interfere with the LAT branch of ZAP70 signaling. The impaired TCR-dependent calcium influx in peripheral CD4 ϩ or CD8 ϩ T cells indicates that RhoH is also important for TCR signaling in mature T cells and that loss of RhoH is not compensated during development.
When comparing the RhoH-null phenotype with other mouse mutants with defects in thymocyte development, striking similarities with Vav1-deficient mice become obvious [27] [28] [29] and make it For personal use only. on June 6, 2017. by guest www.bloodjournal.org From tempting to speculate that RhoH function is closely linked to Vav1. Given that Vav1 is a GEF binding to Rho GTPases, the simplest link would be a direct interaction of Vav1 with RhoH. This could lead to the recruitment of a constitutively active RhoH to the TCR complex, enabling further protein-protein interactions through RhoH. As a second possibility, Vav1 might activate RhoH by catalyzing the exchange of GDP to GTP. This would imply that, in thymocytes, RhoH activity is regulated by GEFs and GAPs and that RhoH is not constitutively active, as presently assumed. 2 Like RhoH, the small GTPase Rap1 does not have detectable intrinsic GTPase activity because of the mutation of a catalytic glutamine. 30 However, Rap1 can hydrolyze GTP with the help of Rap1GAP, which provides a catalytic asparagine. 31 It remains to be tested whether such a GAP exists for RhoH. Interestingly, we did not observe any defect in hematopoiesis in heterozygous RhoH-mutant mice, though mRNA levels of RhoH were reduced by half.
Our data indicate that RhoH is upstream of Vav1 because TCR-dependent activation of Vav1, as determined by tyrosine phosphorylation, is reduced in RhoH-null mice, whereas total levels of Vav1 are unchanged. A conceivable scenario might be that though RhoH is weakly associated in the resting state with Vav1 or other members of the LAT signalosome, this interaction becomes strengthened on TCR stimulation, resulting in the stabilization of the entire LAT signalosome complex. Thus, RhoH can be involved in a positive feedback loop downstream of Vav1, which increases the tyrosine phosphorylation of LAT, PLC␥1, and Vav1 itself. However, thus far we have been unsuccessful in coimmunoprecipitation of recombinant RhoH with Vav1, ZAP70, or LAT from lysates of resting and stimulated thymocytes or Jurkat cells transfected with tagged RhoH, suggesting that such interactions, if existent, are weak or transient (data not shown).
Several functions have previously been assigned to RhoH. First, RhoH was described as a negative regulator of p38 MAPK in Jurkat and 293 cells. 2 In thymocytes lacking RhoH, we did not detect increased activation of p38 MAPK, suggesting a cell type-specific function of RhoH in this respect.
Second, RhoH was reported to decrease LFA-1-mediated adhesion in Jurkat cells and human peripheral blood lymphocytes. 6 We showed here that LFA-1-mediated adhesion of thymocytes and T cells to ICAM-1 is not affected by the absence of RhoH. Our results do not rule out a more subtle role for RhoH in cell adhesion and cell-cell contact in vivo.
Finally, RhoH inhibited SCF-induced Rac1 activation in HPCs. 3 Indeed, basal Rac1 activity was increased in RhoH-null DP thymocytes, suggesting that RhoH is a negative regulator of Rac1 activity in the resting state. Increased Rac1 activity could be a compensatory change in response to the loss of RhoH. Other compensatory changes might not yet have been found, and future studies will address this search. It is unlikely that the increased basal activity of Rac1 in RhoH-null DP thymocytes is the reason for the impaired thymocyte development. Constitutive activation of Rac1 should rather result in "augmented" TCR signaling because constitutively active Rac1 can rescue the defective DN3 to DN4 transition in Vav1-null thymocytes and can increase the expression of TCR␤, CD5, and CD69 on DP and CD4SP cells, in contrast to 
